Malignant melanoma is associated with poor clinical prognosis; however, novel molecular and immune therapies are now improving patient outcomes. Almost 50% of melanomas harbor targetable activating mutations of BRAF that promote RAS-RAF-MEK-ERK pathway activation and melanoma proliferation. Recent evidence also indicates that melanomas bearing mutant BRAF may also have altered immune responses, suggesting additional avenues for treatment of this patient group. The small molecule inhibitors selective for mutant BRAF induce significant but short-lived clinical responses in a proportion of patients, but also lead to immune stimulatory bystander events, which then subside with the emergence of resistance to inhibition. Simultaneous BRAF and MEK inhibition, and especially combination of BRAF inhibitors with new immunotherapies such as checkpoint blockade antibodies, may further enhance immune activation, or counteract immunosuppressive signals. Preclinical evaluation and ongoing clinical trials should provide novel insights into the role of immunity in the therapy of BRAF-mutant melanoma.
Therapeutic Approaches for Melanoma
Cutaneous melanoma is an aggressive and potentially lethal form of skin cancer originating from the malignant transformation of melanocytes in the basal layer of the epidermis of the skin. The incidence of malignant melanoma has trebled worldwide since the 1970s (1) . In 20% of cases, patients develop locoregional or distant metastases and historic median survival for those diagnosed with distant metastases is only 6 to 9 months (2). Treatment options for malignant melanoma have been limited until recently. For metastatic disease, chemotherapeutic agents such as dacarbazine (DTIC) were the standard of care for over 30 years, but do not significantly improve median overall survival (OS). Immunotherapy with high-dose interferon (IFNa2b) is approved in the adjuvant setting and for resected advanced disease, but suffers from significant associated toxicities and only a small portion of patients derive clinical benefits. Because of associated severe toxicities, high-dose IL2 is only administered for stage IV disease in limited numbers of specialized centers worldwide, with around 5% of the patients achieving long-term clinical responses (3) .
The clinical landscape has been transformed with the approval of new therapies in the last 2 years, which include pathway inhibitor drugs and an mAb. Vemurafenib, approved by the FDA in 2011, is a kinase inhibitor selective for the commonest mutant form of the BRAF kinase (BRAF V600E ) designed to target transformation and proliferation of melanoma cells. Two new pathway inhibitor drugs dabrafenib (also an inhibitor of mutant BRAF) and trametinib (an MEK inhibitor) were approved in 2013. Vemurafenib, dabrafenib, and trametinib are all associated with potent, but often short-term responses (4) (5) (6) . Ipilimumab, an anti-CTLA-4 (CTL antigen; ref. 4 ) mAb blocking a T-cell regulatory pathway designed to promote activated immunity, was approved in 2011 (7) as a secondline treatment for advanced melanoma. More recently, it has been approved for first-line therapy. Ipilimumab treatment is characterized by durable responses but only in a minority of patients.
The success of ipilimumab has enhanced appreciation of the potential of immune responses to influence patient outcomes. Importantly, emerging studies suggest that BRAF-mutant melanomas and BRAF inhibition can also alter immune inflammatory mechanisms associated with tumors. Here, we review evidence of associations between BRAF-mutant melanoma and BRAF pathway inhibition with immunity and discuss their potential translational implications, including exploring the merits of combination strategies to strengthen immune responses or to counteract tumor-associated immune escape mechanisms.
Activating Immune Responses
Melanoma elicits immune responses, a notion supported by clinical and experimental evidence such as partial regressions in some melanoma lesions, T-cell infiltration in tumors correlating with better clinical outcomes, higher incidence of melanoma in immunosuppressed individuals, and the discovery of melanoma-specific antigens and spontaneous T-cell and antibody responses against melanoma-associated antigens in patients (8) . However, immune activation is counteracted by immune evasion mechanisms orchestrated by tumors on multiple levels. These may include recruitment of regulatory T cells (Treg), secretion of immunosuppressive mediators such as IL10, VEGF, and TGFb and redirecting T-and B-cell responses in lesions and the circulation (9) (10) (11) (12) (13) . Through reeducating their environment, tumors may recruit immunosuppressive cells such as Tregs, alternatively activated (M2d) macrophages and myeloid-derived suppressor cells (MDSC) but also promote exhaustion, reduce antitumoral functions, and suppress maturation of important immune sentinels such as dendritic cells (DC), CTLs, and macrophages (14) (15) (16) .
Various therapeutic strategies have been based on the premise that immune responses could be directed against melanoma to restrict tumor growth, if immune escape mechanisms can be counteracted or neutralized. Immunotherapy has made considerable advances in the past years with a diverse range of "immune potentiators" developed for therapy. The CTLA-4 and the programmed cell death 1 (PD-1) are transmembrane proteins on T cells that transduce inhibitory signals and reduce antigen-specific T-cell responses. The mAbs ipilimumab and nivolumab bind to CTLA-4 and PD-1, respectively, designed to reverse these checkpoint mechanisms in T cells (17) . In a phase III trial, ipilimumab treatment at 3 mg/kg doses resulted in a median OS of 10 months, and of 10.1 months when given in combination with a gp100 peptide, whereas the median OS for patients given gp100 treatment alone was 6.4 months (18) . In a subsequent phase III trial, OS with high-dose ipilimumab (10 mg/kg) plus dacarbazine (11.2 months) was higher than dacarbazine treatment alone (9.1 months). High-dose (up to 10 mg/kg) treatments are reported to result in 4-year survival rates of 19.7% to 28.4% in previously treated patients, and 37.7% to 49.5% in treatment-naive patients (19) . Ipilimumab treatment 4us characterized by slow onset but durable response rates in a proportion of patients. Treatment is also associated with immune-related toxic side-effects arising from the universal activation of CTLA-expressing T cells irrespective of antigen specificity. These toxicities are observed in approximately 50% to 60% of patients and include mainly inflammatory skin and gastrointestinal colitis symptoms, which can be managed with corticosteroid treatment. Despite associated toxicities and longterm survival benefits in only subsets of patients, antibodies blocking negative immune signals via CTLA-4, PD-1, and other molecules (e.g., CD40 and CD137) have demonstrated that it is possible that clinical benefits could be harnessed with activation of immunity in the context of cancer. The emergence of such antibodies has reinvigorated interest in the translation of cancer immunotherapies to the clinic.
Constitutively Activated BRAF
Melanoma is one of the richest cancers with respect to mutations per mb of DNA and exhibits a versatile genetic profile across patients and anatomic locations of tumors (20) . The B-raf gene is mutated in up to 66% of human malignant melanomas. Its protein product, the BRAF kinase, is a key player in the RAS-RAF-MEK-ERK proliferative pathway (Fig. 1A) , which is widely dysregulated in various cancers, including melanoma (21, 22) . B-rafactivating mutations are located in the kinase domain; this is also the case for the common amino acid substitution at position V600E, a valine (V) to a glutamic acid (E), the mutant form targeted by verumafenib therapy (23, 24) . Braf-activating mutations may lead to a disrupted conformation of the kinase domain, which dramatically enhances BRAF activity and leads to constitutive ERK activation (25) . This mechanism was proposed on the basis of X-ray crystal structure data of the wild-type and mutant (BRAF V600E ) forms of BRAF in their inactive conformations as part of the complex with a nonspecific BRAF inhibitor (sorafenib). A later study revealed the crystal structure of BRAF V600E in a complex with a selective inhibitor in active conformation and suggested another model for constitutively activated BRAF V600E . This model was based on a negatively charged glutamate at position 600, mimicking the conformation of the phosphorylated wild-type protein, which is necessary for kinase activation (26) . This was thought to result in constitutively activated BRAF kinase, which is likely to promote RAS-RAF-MEK-ERK network-supported proliferation and tumor growth. This led to the concept that oncogenic mutations in the RAS-RAF-MEK-ERK pathway may provide therapeutic opportunities to target the mutant forms of molecules like BRAF V600E in melanoma (22) .
Treatments with Small Molecule Inhibitors to BRAF-Mutant Forms
One of the first BRAF inhibitors tested in clinical trials was sorafenib, a multikinase inhibitor, which does not distinguish between mutant and wild-type BRAF. Although combined sorafenib and DTIC treatment resulted in improved response rates and progression-free survival (PFS) in early trials, it failed to meet expectations in a phase III clinical trial when compared with standard chemotherapy (27, 28) . After sorafenib, a new generation of BRAF inhibitors selective for mutant BRAF was designed. Vemurafenib, a V600E/K mutation-selective BRAF inhibitor (Fig. 1A) , was approved by the FDA in 2011 and by the European Medicines Agency in 2012. In the pivotal phase III trial of vemurafenib compared with DTIC, vemurafenib increased the median OS from 9.6 months for DTIC-treated patients to 13.2 months, and was associated with a response rate of 48%, compared with 5% with standard chemotherapy (DTIC). However, PFS was only 5.3 months due to the appearance of drug resistance (29, 30) . In an extended follow-up study, the agent was shown to improve survival for patients with the most common V600E as well as those with the less common V600K BRAF-mutant forms (31) .
Resistance is thought to be attributed to a number of factors, including induction of alternative splice variants of BRAF or de novo mutations in NRAS or MEK. Upregulation of signaling through receptor tyrosine kinases (RTK) in alternative proliferative pathways such as the PI3K/AKT pathway is also thought to be associated with both innate as well as acquired resistance (32) . In addition, even following therapy, constitutively active BRAF has been reported to still activate the MAPK pathway through dimerizing with CRAF (33) (34) (35) (36) . BRAF inhibition is also associated with dermatologic side effects such as skin photosensitivity, rashes, squamoproliferative lesions, including keratoacanthomas and squamous cell carcinomas (SCC) or, more rarely, de novo primary melanomas and secondary melanomas. Cases of NRAS leukemia and KRAS-mutant colorectal cancer have also been reported (35) . These paradoxical oncogenic effects of BRAF inhibitor treatment, often manageable by careful monitoring, are thought to arise from inhibitor recognition of wild-type BRAF. This may lead to BRAF-CRAF dimerization along with enhanced RAS, resulting in MAPK pathway activation. In cells with either mutant RAS acquired from external stimuli such as UV exposure or when wild-type RAS is activated through external growth factor signals, BRAF inhibition may also support proliferation and migratory properties through focal adhesion kinase (FAK/ERK) signaling (37) .
Dabrafenib, a small molecule BRAF V600E kinase inhibitor approved by the FDA in 2013, also acts similarly to vemurafenib (4), but has a different side-effect profile, in particular reduced phototoxicity (38) . As is the case with vemurafenib, however, most patients go on to develop resistance to dabrafenib (median PFS-5.1 months). Trametinib is an MEK1/2 kinase inhibitor that functions downstream of BRAF in the same pathway, triggering G 1 cell-cycle arrest, apoptosis, and reduced cell proliferation (39) . In a phase III clinical trial, the agent demonstrated favorable PFS (4.8 months) compared with dacarbazine (1.5 months) and OS rates of 81% compared with 67% with dacarbazine (40) .
BRAF inhibitors, thus, seem to induce significant but short-term clinical responses. Clinical trials testing alternative BRAF inhibitors are also underway (Table 1) , and further in-depth analyses of resistance mechanism pathways and strategies to counteract these are needed. -negative lesions did not respond to mutated epitope challenge (43) . As the HLA-A Ã 0201 haplotype is present in 50% of patients with melanoma, vaccination studies aimed at activating immunity against the mutant Figure 1 . A, the RAS-RAF-MEK-ERK cellular signaling cascade couples extracellular signals to transcription factors, regulating gene expression. Extracellular signal molecules (i.e., growth factors) bind to their respective RTKs, which in turn recruit and activate the GTPase RAS. RAS phosphorylates and promotes the dimerization and activation of the RAF family (ARAF, BRAF, and CRAF) of protein kinases. Activated RAF is responsible for the subsequent signal transmission through MEK1/2 and ERK1/2 and the transcription of genes involved in cell-cycle regulation. Mutations in the B-raf gene cause disruptions in the kinase domain and constitutive activation of the BRAF kinase, promoting cell-cycle dysregulation, cell survival, and proliferation. Kinase inhibitors (vemurafenib and dabrafenib) specific for mutant BRAF result in high response rates but short overall median survival of patients with melanoma due to the emergence of resistance. MEK inhibitors (e.g., trametinib) constitute a strategy in battling BRAF inhibitor resistance. 
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on October 13, 2017. © 2014 American Association for Cancer mct.aacrjournals.org Downloaded from BRAF V600E form in this patient group were suggested. In concordance with these findings, blocking of the BRAF-MAPK pathway in BRAF signaling-addicted melanoma cells in vitro triggered enhanced recognition of tumor cell antigens by tumor-infiltrating T lymphocytes and the authors suggested that BRAF blockade and adoptive T-cell therapies may confer synergistic effects (44) .
Taken together, these studies suggest that immune responses against the mutant form of BRAF may be present or harnessed in melanoma and that the selective immunogenicity of the mutant forms may provide the basis for the development of new strategies to overcome immunologic tolerance.
BRAF-mutant forms and immune escape mechanisms
In addition to immunogenic responses against mutated BRAF, a number of studies suggest that the mutant BRAF protein kinase may conversely be associated with tumorinduced immune escape mechanisms. Increased expression of immunosuppressive mediators (IL6, IL10, and VEGF) by BRAF V600E melanoma cells has been reported. These cytokines can promote recruitment of inflammatory cell subsets such as MDSCs and Tregs in tumor microenvironments. These effects were reduced through targeted mutant BRAF protein inhibition or through RNAi strategies, implying that eliminating mutant BRAF-expressing tumor cells could result in some control of tumorassociated immunosuppressive signals (45) . In addition, it was demonstrated that under these conditions, BRAF V600E melanoma cells could impair maturation of DC, and suppress their capacity to produce IL12 and TNFa (45) . Another study reported increased transcription of IL1 (IL1a and IL1b) by melanoma cell lines transduced to express BRAF
V600E
. IL1a/b-stimulated tumor-associated fibroblasts could suppress melanoma-specific CTL functions by upregulation of the checkpoint ligand molecules COX-2, PD-L1, and PD-L2. IL1 protein overexpression was reversed by targeted BRAF V600E inhibition both in cell lines and in tumors from patients treated with the BRAF V600E inhibitor vemurafenib (46 (Fig. 1B) .
Could BRAF inhibitors be toxic to host immunity?
An important question relates to the potential of BRAF inhibitors to exert toxic effects on immune cells. Several studies have indicated that BRAF inhibitors do not appear to have direct adverse effects on lymphocytes. CominAnduix and colleagues (48) reported that clinical concentrations of the BRAF V600E inhibitor vemurafenib, which are cytotoxic to melanoma cells, do not affect the viability or function of lymphocytes from healthy donors or from patients with melanoma. Importantly, there was a significant gap between the therapeutic concentrations of the inhibitor and the concentrations needed to observe any toxic effects of the agent on lymphocytes. In addition, treatment of different melanoma cells lines and primary melanoma tumor digests with a selective BRAF V600E inhibitor resulted in enhanced expression of melanocyte differentiation antigens, important for immune recognition (e.g., gp100 and MART-1), while not adversely affecting melanoma patient T-cell function (48) (49) (50) -positive melanoma mouse models. Treatment was associated with significant decreases in tumor-infiltrating T cells, natural killer (NK) cells, monocytes, and MDSCs, and infiltration of these cells could not be rescued by addition of an anti-CTLA-4 antibody. The same study reported that combination treatments with anti-CTLA-4 antibodies did not confer additional tumor restriction above those observed with vemurafenib alone. The findings may be interpreted as a negative impact of vemurafenib on immune responses in the local tumor microenvironment. An alternative explanation may be that vemurafenib-induced tumor cell death leads to reduced immunosuppressive cytokine production and reduced numbers of immunoregulatory cell infiltrates such as Treg or MDSCs. The latter may explain the absence of additive tumor-restrictive effects with anti-CTLA-4 antibody treatment, which is thought to also function by targeting immune effector cell responses against CTLA-4-expressing tumor-associated Treg (53, 54) .
BRAF inhibitor influence on host immune responses
Although þ and CD8 þ T-cell infiltration in melanoma patient biopsies from patients in the early stages of treatment with vemurafenib and dabrafenib. Immune cell infiltrate rates in biopsies from patients who relapsed following treatment resembled those observed in pretreatment samples, and correlated with the appearance of resistance against BRAF inhibitor treatment. These observations imply that BRAF inhibitors appear to reverse some tumor-associated immunosuppressive signals and that the immunostimulatory effects observed with response to treatments subside with disease progression. Another study also revealed increases in the frequency of tumor antigen-specific CD8 þ T cells and modest increases in circulating levels of TNFa associated with BRAF V600 inhibitors (51) . Furthermore, BRAF V600E inhibition has been reported to restore maturation of DC and production of TNFa and IL12 without any adverse effects on DC viability or capacity to prime T cells (45, 56) . BRAF inhibitor treatment of patients with metastatic melanoma resulted in reduced generation and differentiation of MDSC, known to be promoted by tumor-induced expression of immunosuppressive cytokines such as IL6 (57) .
In a BRAF
V600E
/Pten-inducible mouse model of melanoma, the immunosuppressive effects of BRAF V600E melanoma tumors were manifested through accumulation of immunoregulatory cell subsets such as FoxP3 þ Tregs and CD11b þ /Gr-1 þ MDSCs, reduced frequencies of CD4 T cells producing IFNg, TNFa, and IL2 and lower expression of the costimulatory ligand CD40L (58) . Compromised CD40L-CD40 signaling was linked to loss of maturation signals necessary for antigen presentation, resulting in concentration of immature DCs, and of macrophages featuring alternatively activated M2 phenotypes in tumors. BRAF V600E inhibitor treatment reduced tumor growth and increased CD8 and CD4 T-cell infiltration. Importantly, enhanced expression of CD40L and production of IFNg by CD4 T cells along with reduced frequencies of FoxP3 þ Tregs were observed and specific blocking of IFNg and CD40L signaling were individually shown to impede BRAF V600E inhibitor effects. These findings support key contributions of host immunity to BRAF inhibitor functions. In a mouse model of BRAF V600E melanoma, Vemurafenib treatment decreased expression of the regulatory chemokine (C-C motif) ligand 2 (CCL2) by melanoma cells and this was associated with tumor growth reduction. Reduced tumor growth was associated with higher NK cell infiltrates and increases in the CD8 þ T cell to Treg ratios in tumors (59) . In the same study, it was shown that combining BRAF V600E -targeted therapy with antibodies to immune modulatory molecules such as CD137 and CCL2 with could confer additional benefits in restricting tumor growth and in suppressing de novo tumorigenesis. These findings further support the notion that activating immunity alongside pathway inhibition could be beneficial (Fig. 1B) .
In summary, some studies suggest that BRAF-MAPK pathway inhibition may not have a negative impact on the immune system of patients with cancer, but may influence host immune responses systemically and in tumor microenvironments in multiple ways, counteracting immunosuppressive pathways and often favoring immune activation (Fig. 1B) . These effects may be directly attributed to reduced tumor cell viability and consequently to reduced tumor-induced immunomodulation. The subsequent appearance of resistance to BRAF inhibitors and restoration of tumor growth and the tumor-induced immunosuppressive equilibrium at the time of disease progression support a link between mutant BRAF dysregulation and alterations in immune signals in cancer (46, 47) .
Combination Treatments: Possible Synergistic Benefits with Enhancing Immunity?
Pathway inhibitor combinatory approaches
It has been suggested that combination therapies with BRAF and alternative inhibitors of the MAPK pathway might be a strategy to overcome resistance and to prolong patient PFS, with the aim of improving the short-lived clinical benefits of BRAF-targeted monotherapies (35) . BRAF inhibitor-resistant melanomas have been reported to feature elevated expression of the checkpoint molecule ligand PD-L1, which could be reduced with subsequent treatment with MEK and PI3K inhibitors (60) . These findings may indicate additive effects of combined pathway inhibitors on known checkpoint immune modulatory mechanisms.
Results of an open-label combination phase I/II clinical trial between the newly FDA-approved BRAF V600E/K inhibitor dabrafenib and the MEK1/2 inhibitor trametinib provided some optimism with a nonsignificantly reduced frequency of cutaneous SCCs detected, possibly due to reduction of MAPK signaling, which may counteract the effects of BRAF inhibitors on wild-type cells. The study showed significantly increased median PFS and response rates compared with those with single agents (61); however, clinical efficacy for combination treatments remains to be determined. A potential future direction may entail the use of inhibitors to RAF and ERK alongside BRAF blockade, which may also prevent the paradoxical activation of the MAPK pathway in wild-type cells. Immune response activation may also be enhanced in these combinatory strategies, as hallmarks of immunosuppression associated with resistance to BRAF-targeted therapy characterized by lower CD8 þ T cell infiltration and reduced tumor antigen expression at the time of progression were reversed with BRAF and MEK combination therapies (62) . Tumor biopsies from patients with metastatic melanoma treated with either a BRAF inhibitor (vemurafenib) alone or BRAF plus MEK inhibitor combinations (dabrafenib þ trametinib) were taken before and during therapy and at the point of relapse. BRAF alone and BRAF plus MEK combination treatments were associated with increased tumor antigen expression, CD8 þ www.aacrjournals.org
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on October 13, 2017. © 2014 American Association for Cancer mct.aacrjournals.org Downloaded from T-cell infiltrates, and reduced inflammatory cytokine levels (IL6 and IL8). In biopsies from patients treated with BRAF inhibitor treatment alone, upregulation of the exhaustion markers PD-1 and TIM-3 in T cells and of PD-L1 (PD-1 ligand) on melanoma cells (62) might help explain subsequent loss of immune activatory signals and reversal toward immune suppression in BRAF inhibitorresistant disease. Clinical trials of combination therapies with a BRAF inhibitors and different MEK, Cdk, PI3K, and Akt inhibitors may provide novel clinical and mechanistic insights in future (Table 1) .
Pathway inhibitors and immunotherapy: aiming to overcome immune suppression
BRAF inhibitors may initially condition the tumor microenvironment to favor immune activation, perhaps rendering these agents synergistic partners to strategies specifically targeting the immune response. The proposition that the clinical efficacy observed with small molecule inhibitors might be enhanced if combined with immunotherapies is currently under investigation in a number of preclinical and clinical settings ( Fig. 1B; Table 2 ).
Preclinical studies showed that BRAF inhibitors may enhance the potency of adoptive immune cells by promoting tumor antigen expression, antigen recognition, and T-cell infiltration in tumors (44) . In a mouse model of melanoma, vemurafenib in combination with adoptive lymphocyte transfer therapy resulted in enhanced tumor cytotoxicity and cytokine secretion by tumor-infiltrating adoptively transferred T cells (63) . In another in vivo model, vemurafenib treatment resulted in increased Tcell infiltration into tumors and was attributed to loss of VEGF expression by destruction of melanoma cells. In this study, the findings were consistent with reduced VEGF expression in biopsy samples of patients treated with BRAF V600E inhibitor therapy (64) . These findings provide rationale for synergistic effects when combining BRAF inhibition and T-cell immune activatory therapy strategies and inspired early clinical trials for this concept.
Another approach would be to combine the increased intratumoral immune activity following BRAF inhibitor administration with the functions of checkpoint blockade inhibitor antibodies to overcome T-cell exhaustion (65) . However, a phase I clinical trial featuring concurrent treatment with ipilimumab (anti-CTLA-4 antibody) and vemurafenib (BRAF V600E/K inhibitor) reported asymptomatic hepatotoxicity effects reversible upon discontinuation of the drug combinations or with glucocorticoid treatment, resulting in termination of the study (66) . Phase I clinical trials with the BRAF V600E/K inhibitor dabrafenib with or without trametinib (MEK1/2 inhibitor) in combination with ipilimumab are on-going (Table 2) . Other suggested treatment partners of BRAF inhibitors include IFNa2b, IL2, antibodies to PD-L1, CD137, and IL1 blockers, which may act as adjuvants (47, 59) . Clinical trials to test different combinations of vemurafenib with IL2 or IFNa2b are on-going and are expected to shed light on the merits of future combination therapies (Table 2) . However, because IFNa2b or IL2 monotherapies are associated with high reported toxicities, a cautious approach to such combinatory strategies would be paramount.
Translational Considerations and the Future of Combination Treatments
A number of factors, relating to efficacy and safety, may be taken into account when considering implementation of combination strategies; these may include dose, timing, and sequence of administration. For these there is currently little precedence, but perhaps understanding and taking into account host immune responses may be important in this context. It has been proposed that patients with mutant BRAFexpressing tumors with highly symptomatic disease, in particular those with acutely life-threatening metastases such as brain metastases, should be prescribed, a BRAF inhibitor treatment based on capacity to trigger quick clinical responses. Considering the quick impact on tumor growth restriction and the positive overall effect of BRAF inhibitors on immunity, treatment with a BRAF inhibitor might perhaps be followed by immunotherapy such as a checkpoint blocker to neutralize T-cell inhibitory signals (67) . On the other hand, a case for immunotherapy preceding BRAF inhibitor therapy may be supported by early reports that significant proportions (around half) of patients who do not respond to BRAF inhibitor treatment generally have a worse clinical outlook compared with untreated patients. It is, therefore, worth exploring whether identifying and treating these patients with immunotherapy such as with ipilimumab as early as possible may be beneficial (68, 69) . It may also be reasonable for asymptomatic patients to be treated with immunotherapy, because of the potential to confer long-term, durable responses. The same patients may then receive BRAF inhibitor treatment as a salvage therapy on disease progression (70) . This, however, may not be widely practical, because in some countries, including the United Kingdom, ipilimumab is not yet routinely funded for first-line therapy for metastatic melanoma; therefore, patients with early disease may not be able to access treatment.
In future, the clinical landscape may feature pathway inhibitor simultaneous combinations with immunotherapies, including checkpoint blockade agents. Treatment combinations may be informed by elucidating tumor escape mechanisms associated with pathway inhibitors and by designing complementary immune intervention strategies to overcome these. With increasing numbers of patients now treated with pathway inhibitor drugs, the critical mechanisms of immune response cross-talk with BRAF-mutant melanomas and BRAF inhibitors and how these are linked to the almost inevitable rise of resistant disease require further in-depth investigation. Under the selective pressure of human immune responses and pathway blockade interventions, tumors may evolve to activate alternative downstream interacting signaling pathways and can escape destruction through clonal selection.
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BRAFV600 kinase inhibitor (1) TILs (2) (73, 74) . Under the selective pressure of pathway inhibitor drugs, MAPK pathway-promoted immunosuppressive mediators VEGF, IL6, and IL10 could constitute particularly important tools for emerging resistant tumors to maintain or reestablish command of their microenvironments and to reeducate host immunity (45) . Enhanced expression of PD-L1 by the reactivated MAPK pathway in BRAF inhibitor-resistant melanomas would also support capability to reclaim suppression of host immune sentinels like T cells (60) . It is, therefore, possible that BRAF-mutant melanomas constitute more aggressive tumors better able to establish effective suppression of host immunity along with BRAF inhibitor resistance.
Exploring resistance as a function of pathway network dysregulation rather than in relation to particular mutations on individual molecules, together with monitoring immunosuppressive or activatory signals, may help elucidate specific signatures associated with disease progression and lead to the identification of targets for immunotherapy. For instance, if tumor escape is associated with enhanced VEGF production and PD-L1 expression by T cells, possible combinations of VEGF and/or PD-L1 blockade strategies with pathway inhibitors may prevent or restrict melanoma progression. Furthermore, therapeutics that could support or complement pathway inhibitor functions by "waking up" dormant immune-activating signals such as enhancing CD40-CD40L interactions to promote antigen-presenting cell activation may help target "Achilles heel" elements of melanomas and augment pathway inhibitor drug effects. Toxicities observed in the ipilimumab plus vemurafenib combinatory trial, perhaps due to paradoxical MAPK pathway activation of wild-type cells alongside autoimmune effects of ipilimumab in the presence of enhanced BRAF inhibitor-induced antigen presentation, mandate careful design of therapeutic strategies less likely to attack healthy tissues. Combinations with tumor antigen-specific antibodies or T cells that selectively target tumor cells, or attacking modulatory elements in tumor microenvironments associated with tumor resistance to BRAF inhibitors such as the PD-1/PD-L1 axis, may merit consideration. The complexities of the interactions between resistance to pathway inhibition and immunomodulation may be addressed with emerging and novel bioinformatics tools. Activatory immunologic signatures associated with specific melanoma subtypes have already been shown to predict more favorable prognosis. Furthermore, immunosuppressive molecular signatures predict worse clinical outcomes (71, 75) . These indicate double-edged sword roles for immunity in melanoma disease progression, but equally support the rationale for monitoring immunity alongside clinical course and clinical responses to treatments.
Concluding Thoughts
Novel insights from the laboratory and the clinic support links between pathway dysregulation with different components of immune responses. BRAF inhibitors exhibit immune-activating functions, which alone, may not be sufficient to counteract tumor-associated escape mechanisms. Thus, combination treatments with different inhibitors of the RAS-RAF-MEK-ERK proliferative pathway, and also with immunotherapies may help enhance these circumscribed immunologic and clinical responses. Future translational directions may take advantage of dysregulated pathway molecules such as BRAF being recognized by host immunity and of molecular pathway cross-talk with specific molecules associated with immune suppression to develop rational targeted immunotherapies such as vaccines and therapeutic antibodies. Bioinformatics tools such as gene clustering and pathway analyses in large patient datasets are revealing differential classification of melanomas, including specific immunologic signatures associated with good or bad prognoses. As both checkpoint blockade antibodies and small molecule inhibitors are in clinical use, it is important now to elucidate whether we can link clinical responses with immune activation or with counteracting immunosuppressive signals to improve treatment. New approaches may consider molecular heterogeneity and pathway dysregulation together with monitoring immunologic parameters such as antigen presentation, effector cell activation, or immunosuppressive elements in tumors before and during therapy and while in remission. These could in future provide additional criteria with which to predict clinical benefits, facilitate stratification, and guide optimal monotherapy or combinatory approaches for different subsets of patients.
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